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A B S T R A C T
Cyanobacterial blooms in eutrophic lakes are severe environmental problems worldwide. To
characterize the spatiotemporal heterogeneity of cyanobacterial blooms, a high-throughput method
is necessary for the speciﬁc detection of cyanobacteria. In this study, the cyanobacterial composition of
three eutrophic waters in China (Taihu Lake, Dongqian Lake, and Dongzhen Reservoir) was determined
by pyrosequencing the cpcBA intergenic spacer (cpcBA-IGS) of cyanobacteria. A total of 2585 OTUs were
obtained from the normalized cpcBA-IGS sequence dataset at a distance of 0.05. The 238 most abundant
OTUs contained 92% of the total sequences and were classiﬁed into six cyanobacterial groups. The water
samples of Taihu Lake were dominated by Microcystis, mixed Nostocales species, Synechococcus, and
unclassiﬁed cyanobacteria. Besides, all the samples from Taihu Lake were clustered together in the
dendrogram based on shared abundant OTUs. The cyanobacterial diversity in Dongqian Lake was
dramatically decreased after sediment dredging and Synechococcus became exclusively dominant in this
lake. The genus Synechococcus was also dominant in the surface water of Dongzhen Reservoir, while
phylogenetically diverse cyanobacteria coexisted at a depth of 10 m in this reservoir. In summary,
targeted deep sequencing based on cpcBA-IGS revealed a large diversity of bloom-forming cyanobacteria
in eutrophic lakes and spatiotemporal changes in the composition of cyanobacterial communities. The
genus Microcystis was the most abundant bloom-forming cyanobacteria in eutrophic lakes, while
Synechococcus could be exclusively dominant under appropriate environmental conditions.
 2017 Elsevier B.V. All rights reserved.1. Introduction
Cyanobacteria are photosyntheticmicroorganisms adaptable to
various terrestrial and aquatic environments (de Marsac and
Houmard, 1993; Whitton, 2012). Water blooms caused by the
massive proliferation of cyanobacteria in freshwater ecosystems
have drawn considerable attention around the world (Harke et al.,
2016; Paerl and Otten, 2013). Eutrophication of water bodies is the
main factor promoting the development of cyanobacterial bloom
in the past decades (Bonilla et al., 2012; Gobler et al., 2016; O’Neil
et al., 2012). Recently, climate warming and rising atmospheric
carbon dioxide have signiﬁcantly increased the occurrence,* Corresponding author at: Institute of Hydrobiology, Chinese Academy of
Sciences, Wuhan 430072, Hubei Province, PR China.
E-mail address: reli@ihb.ac.cn (R. Li).
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http://dx.doi.org/10.1016/j.hal.2017.03.006
1568-9883/ 2017 Elsevier B.V. All rights reserved.intensity and duration of cyanobacterial blooms (Deng et al.,
2014; Paerl and Huisman, 2009; Sinha et al., 2012; Visser et al.,
2016; Wiedner et al., 2007). Certain species of bloom-forming
cyanobacteria are capable of producing toxic metabolites, such as
hepatotoxicmicrocystins and cylindrospermopsins and neurotoxic
saxitoxins and anatoxins (Dittmann et al., 2013; Neilan et al., 2013;
Pearson et al., 2010). Therefore, harmful cyanobacterial blooms are
of serious concern for public health due to the toxic effects of
cyanotoxins (Havens, 2008; Paerl and Otten, 2013). Thus, daily
monitoring of cyanobacterial composition in freshwater bodies is
important for predicting and controlling harmful cyanobacterial
blooms to ensure drinking water safety.
Aquatic cyanobacterial community is usually composed of
highly diverse cyanobacterial species with some of them dominat-
ing in the community (Kim et al., 2006; Liu et al., 2016b;Miller et al.,
2013). The most prevalent bloom-forming species are Synechococ-
cus, Microcystis, Dolichospermum, Aphanizomenon, Cylindrospermop-
sis, and Planktothrix. Although morphological characteristics are
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samples, extensive training is required and identiﬁcation procedure
is also labor-consuming considering the high diversity of cyano-
bacterial morphologies (Whitton, 2012). Besides, microscopical
identiﬁcation is much difﬁcult for small-sized picocyanobacteria
(e.g., Synechococcus), which play an important role in freshwater
ecosystems (Callieri, 2008). To solve this problem, molecular tools
have been developed to efﬁciently investigate cyanobacterial
diversity. Several housekeeping loci on the cyanobacterial genome
are selected as molecular markers, such as 16S rRNA gene (Nu¨bel
et al., 1997), RNApolymerase gene (rpoC1) (Palenik and Swift, 1996),
intergenic spacer betweenphycocyanin subunit genes cpcB and cpcA
(cpcBA-IGS) (Neilan et al., 1995), and internal transcribed spacer
between the 16S rRNA and 23S rRNA genes (ITS) (Huang et al.,
2014). In particular, the 16S rRNA gene and cpcBA-IGS were proven
useful for phylogenetic analysis of cyanobacteria at different
taxonomic levels (Dadheech et al., 2010; Dojani et al., 2014; Dyble
et al., 2002; Ishida et al., 2001; Robertson et al., 2001; Teneva et al.,
2005;Wang et al., 2013). PCR ampliﬁcation of partial 16S rRNA gene
followed by denaturing gradient gel electrophoresis (DGGE) can
provide a general overview of the cyanobacterial diversity in
environmental samples (Boutte et al., 2006; Ye et al., 2011). The
clone libraries of cpcBA-IGS or 16S rRNA gene can also be
constructed and sequenced to roughly reveal cyanobacterial
composition (Dojani et al., 2014; Kim et al., 2006). However, only
limited information regarding cyanobacterial community could be
obtained by these methods.
In recent years, high-throughput sequencing has been widely
used for detailed and accurate understanding of microbial
community structure in ecosystems by producing a large sequence
dataset of molecular markers (Cole et al., 2005). For example,
Kleinteich et al. (2014) and Zhang et al. (2016) investigated the
cyanobacterial composition in the meltwater ponds and Gurban-
tunggut Desert, respectively, by pyrosequencing the 16S rRNA
gene. Unfortunately, their sequence datasets were contaminated[(Fig._1)TD$FIG]
Fig. 1. Map of three lakes showing sby abundant bacterial sequences although the primers used to
amplify the 16S rRNA gene were considered to be cyanobacteria-
speciﬁc (Kleinteich et al., 2014; Zhang et al., 2016). In another
study, plastid 23S rRNA gene was applied for pyrosequencing
analysis of phytoplankton in eutrophic lakes, but cyanobacterial
populations can only be delineated at order-level unsuitable for
accurate identiﬁcation of bloom-forming species (Steven et al.,
2012). Phycocyanin is an exclusive compound of cyanobacteria,
and thus genes related to phycocyanin, for instance, cpcBA-IGS
could be a more speciﬁc and reliable molecular marker in deep
sequencing compared with 16S rRNA gene. The purpose of this
study is to provide a comprehensive understanding of the cyano-
bacterial community in freshwater ecosystems suffering annual
cyanobacterial blooms. Therefore, pyrosequencing method based on
cpcBA-IGS was developed to reveal cyanobacterial diversity and
composition in three eutrophic lakes at molecular level.
2. Materials and methods
2.1. Collection of cyanobacterial samples
Taihu Lake is a large shallow freshwater lake in eastern China
and located in a temperate region (308560–31833 N, 1198530–
1208360 E; water area = 2338 km2; mean depth = 1.9 m). Dongqian
Lake is also a shallow freshwater lake in eastern China (298440–
298470 N, 1218370–1218410 E; water area = 20 km2; mean
depth = 2.2 m). A sediment dredging project was conducted in
Dongqian Lake from 2009. Dongzhen Reservoir is a deep reservoir
in southeastern China and located in a subtropical region (258280–
258300 N, 1188540–1188590 E; water area = 17.8 km2; maximum
depth = 36 m). All these three lakes have been suffering from
eutrophic problems and annual cyanobacterial blooms (Guo, 2007;
Jing et al., 2013; Lv et al., 2013). Surface water (0–0.5 m) was
sampled at 9 locations, 5 in Taihu Lake, 2 in Dongqian Lake and 2 in
Dongzhen Reservoir (Fig. 1). Water samples at 10 m depth inampling locations in this study.
Table 1
Detailed information of samples and number of robust reads.
Sample number Sampling site Sampling time Robust reads
THN11101 Taihu Lake N1 Jan. 2011 9567
THN11105 Taihu Lake N1 May 2011 8491
THN11108 Taihu Lake N1 Aug. 2011 6447
THN11111 Taihu Lake N1 Nov. 2011 7369
THN21101 Taihu Lake N2 Jan. 2011 7037
THN21105 Taihu Lake N2 May 2011 12,140
THN21108 Taihu Lake N2 Aug. 2011 15,110
THN21111 Taihu Lake N2 Nov. 2011 8430
THW1101 Taihu Lake W Jan. 2011 9611
THW1105 Taihu Lake W May 2011 7425
THW1108 Taihu Lake W Aug. 2011 10,444
THW1111 Taihu Lake W Nov. 2011 11,623
THS11101 Taihu Lake S1 Jan. 2011 11,759
THS11105 Taihu Lake S1 May 2011 10,666
THS11108 Taihu Lake S1 Aug. 2011 6314
THS11111 Taihu Lake S1 Nov. 2011 11,494
THS21101 Taihu Lake S2 Jan. 2011 7386
THS21105 Taihu Lake S2 May 2011 5941
THS21108 Taihu Lake S2 Aug. 2011 8836
THS21111 Taihu Lake S2 Nov. 2011 8662
DQN0907 Dongqian Lake S Jul. 2009 8066
DQN1107 Dongqian Lake S Jul. 2011 11,856
DQS0907 Dongqian Lake N Jul. 2009 8296
DQS1107 Dongqian Lake N Jul. 2011 8316
DZWS1207 Dongzhen Reservoir W Jul. 2012 9129
DZWD1207 Dongzhen Reservoir W, 10m depth Jul. 2012 4488
DZES1207 Dongzhen Reservoir E Jul. 2012 11,661
DZED1207 Dongzhen Reservoir E, 10m depth Jul. 2012 6709
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quarterly in Taihu Lake in 2011 and in Dongqian Lake from 2009 to
2011, and once in Dongzhen Reservoir in July 2012. A volume of
300 mL water was ﬁltered through a 0.45mm ﬁlter from which
total DNA was extracted subsequently. The samples used for
pyrosequencing were numbered according to sampling locations
and time as depicted in Table 1. Before further processing, all the
ﬁlters were preserved at 80 8C. Analysis of water quality
parameters, such as total nitrogen (TN) and total phosphorus
(TP), were conducted as previously described (Wu et al., 2006). The
water transparency was represented by Secchi depth (SD)
measured by use of a black and white Secchi disk (Cole, 1994).
2.2. DNA preparation, 454 pyrosequencing and sequence quality
control
Genomic DNA were extracted from cyanobacterial strains and
ﬁlters with a modiﬁed CTAB method involving phenol-chloroform
extraction (Porebski et al., 1997). The ﬁlters were cut into pieces
ﬁrst before subjected to the extraction process. Puriﬁed DNA
samples were dissolved in TE buffer (pH 8.0) and stored at 20 8C.
A pair of primers, PCbF (50-GGCTGCTTGTTTACGCGACA-30) target-
ing cpcB locus and PCaR454 (50-GCTTCGGTRAKKGGRGTTTTCAT-
30) targeting the 50 end of cpcA locus was used for ampliﬁcation of
the cyanobacterial cpcBA-IGS sequence. PCbF was a forward
primer designed previously (Neilan et al., 1995) and PCaR454 was
a reverse degenerate primer designed in this study based on
cyanobacterial cpcBA-IGS sequences deposited in GenBank data-
base (Figure S1, in the supplementary data). The primer sequences
were checked for homology to bacterial and algal genomic
sequences using BLAST on the website of the National Center
for Biotechnology Information. The speciﬁcity of these primerswas
further examined by PCR using the genomic DNA templates from
various cyanobacterial strains belonging to Chroococcales, Nosto-
cales, and Oscillatoriales (Table S1, in the supplementary data).
Sterile water and the genomic DNA of a cryptomonad strain
Cryptomonas obovata FACHB-1301 and an aquatic bacteriumNovosphingobium sp. THN1 (Jiang et al., 2011) were used as
negative controls in PCR ampliﬁcation.
For 454 pyrosequencing, reverse barcoded primers containing
adapter sequence were designed based on PCaR454 and synthe-
sized (Table S2, in the supplementary data). PCR reactions were
prepared in triplicate with 50 mL volumes by adding 25mL of 2
Gﬂex PCR Buffer (Mg2+, dNTP plus), 10 pmol of each primer, 100 ng
of genomic DNA and 1.25 U of Tks Gﬂex DNA polymerase (Takara,
Japan). Thermal cyclingwas performed at 94 8C for 3 min, followed
by 30 cycles of 98 8C, 10 s; 54 8C, 30 s; 68 8C, 1 min; and ﬁnally one
cycle of 68 8C, 10 min. The PCR products were analyzed on a 1%
agarose gel stained with ethidium bromide. The target bands were
excised and puriﬁed using a gel extraction kit (MiniBEST Agarose
Gel DNA Extraction Kit Ver.4.0, Takara). Triplicate products from
each environmental DNA samplewere pooled tominimize random
PCR bias. High-throughput pyrosequencing was performed using
the GS-FLX Titanium platform according to the manufacturer’s
protocols (Roche 454 Life Sciences, Branford, USA). Low-quality
reads were removed as described previously (Huber et al., 2007).
Barcode and primer sequences were trimmed from the 50 end, and
the reads with sequence errors in their barcode and/or primer
regions were discarded. The sequences with a length less than
200 bp were all excluded and the chimeras were removed using
Uchime algorithm (Edgar et al., 2011). The remaining robust
sequenceswere used for further analyses. Tag sequences have been
deposited in the European Bioinformatics Institute Sequence Read
Archive under accession number PRJEB15368.
2.3. Sequence analysis
The robust sequences were de-replicated to create a simpliﬁed
data set containing unique sequences and the amount of each
unique sequence was recorded. To improve the efﬁciency and
accuracy of operational taxonomic unit (OTU) classiﬁcation for the
large data set, a strategy of template and repeat alignment was
used. In detail, (i) representative OTU sequences were ﬁrst
identiﬁed by Uparse (Edgar, 2013) at a distance of 0.05;
Table 2
Cyanobacterial diversity indices based on OTUs of cpcBA-IGS. eH
0
=natural
exponential of Shannon index (H0),D1 = inverse of Simpson index (D), E=Simpson’s
evenness index.
Sample OTU richness Coverage Chao 1 index eH
0
D1 E
THN11101 250 0.97 457 31 14 0.06
THN11105 220 0.98 424 19 6 0.03
THN11108 271 0.97 530 26 9 0.03
THN11111 239 0.97 535 30 12 0.05
THN21101 244 0.97 388 37 16 0.06
THN21105 243 0.97 581 19 5 0.02
THN21108 143 0.98 270 5 2 0.01
THN21111 201 0.98 351 20 8 0.04
THW1101 282 0.97 584 47 24 0.09
THW1105 142 0.98 269 10 5 0.03
THW1108 236 0.98 417 38 17 0.07
THW1111 220 0.98 354 18 8 0.04
THS11101 204 0.98 397 20 10 0.05
THS11105 147 0.99 226 12 6 0.04
THS11108 217 0.97 527 28 14 0.07
THS11111 262 0.97 638 45 16 0.06
THS21101 268 0.97 539 27 10 0.04
THS21105 243 0.97 493 23 9 0.04
THS21108 220 0.98 343 28 10 0.05
THS21111 217 0.98 366 20 8 0.04
DQN0907 346 0.96 638 64 21 0.06
DQN1107 234 0.98 407 28 13 0.05
DQS0907 462 0.95 845 110 48 0.10
DQS1107 180 0.98 278 26 11 0.06
DZWS1207 245 0.98 355 47 23 0.10
DZWD1207 336 0.97 558 84 40 0.12
DZES1207 163 0.98 277 24 10 0.06
DZED1207 346 0.96 731 71 31 0.09
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Muscle 3.8.31 (Edgar, 2004) and used as a template to create an
alignment of all unique sequences by Mothur v.1.33.0 (Schloss
et al., 2009); (iii) the alignment was trimmed to the length of the
shortest cpcBA-IGS sequence and used to identify representative
OTU sequences for the second time byMothur at the same distance
of 0.05; (iv) step ii was repeated using the representative
sequences obtained in step iii and a new alignment of all unique
sequences was generated for further analyses. The OTUs of cpcBA-
IGS were ﬁnally deﬁned by the average neighbor clustering
algorithm at a distance of 0.05. The sequencing depth of the
samples were normalized to the lowest one among them (4488 in
DZWD1207) by subsampling implemented in Mothur. Afterward,
the alpha diversity indices were estimated as follows: OTU
richness, Coverage, Chao 1 index, Shannon index, Simpson index,
and Simpson’s evenness index. Rarefaction values were generated
in Mothur after sample normalization and were imported into
Microsoft Excel for generation of rarefaction curves.
Euclidean distance between samples were calculated based on
the abundance of shared abundant OTUs. A heatmap was
generated by R 3.0.2 (http://www.r-project.org, accessed 2015)
using the pheatmap package. The color displaying OTU size was
represented by a value calculated using the formula lg(x + 0.1)
where x is the OTU size.
2.4. Phylogenetic analysis
For phylogenetic analysis of cyanobacterial species, a data set
consisting of cpcBA-IGS sequences from 58 cyanobacterial strains
of 13 genera was constructed. Multiple sequence alignment was
performed using the ClustalW v1.4 program and manually
corrected. Neighbor-joining tree was created by the MEGA5
software (Tamura et al., 2011) using the Kimura 2-parameter
model with 1000 bootstrap replicates. For phylogenetic assign-
ment of each OTU, a neighbor-joining tree was created using a data
set consisting of representative cpcBA-IGS sequences from
238 abundant OTUs (OTU size 45) and reference cyanobacterial
species aforementioned. Each OTU was classiﬁed into the closest
cyanobacterial genus in the phylogenetic tree.
3. Results
3.1. Phylogenetic analysis of cyanobacteria based on cpcBA-IGS
A phylogenetic tree of cyanobacteria was constructed using 58
cpcBA-IGS sequences derived from representative cyanobacterial
species (Figure S1, in the supplementary data). These species were
classiﬁed into nine groups, including the bloom-forming Synecho-
coccus, Microcystis, Cylindrospermopsis/Raphidiopsis, mixed Nosto-
cales species, Planktothrix, mixed Osillatoriales species, Spirulina/
Arthrospira, Pseudanabaena, and Synechocystis.
3.2. Pyrosequencing of cpcBA-IGS
A primer pair of PCbF and PCaR454 was used to amplify the
cyanobacterial cpcBA-IGS fragment of approximately 372 bp
(determined from M. aeruginosa PCC 7806, GenBank accession
no. AM778951). No effective matches exist between primer
sequences and genomic sequences of bacteria and algae. The
primers were conﬁrmed to be efﬁcient using DNA templates from
cyanobacterial strains of Chroococcales, Nostocales, and Oscilla-
toriales. No targeted amplicons were observed in the negative
controls. Twenty-eight ﬁlter samples were collected from nine
sites in three lakes from 2009 to 2012 (Table 1). High-quality
cpcBA-IGS fragments were successfully obtained using reverse
barcoded primers and genomic DNA extracted from the ﬁlters.After pyrosequencing and sequence processing, a total of 253,273
robust cpcBA-IGS sequences, including 4488–15,110 sequences
from each sample, were obtained. Ninety-ﬁve percent of all the
sequences have a length within 321 bp to 401 bp (Figure S2, in the
supplementary data), indicating a high reliability of the pyrose-
quencing results.
3.3. Cyanobacterial diversity based on cpcBA-IGS
The diversity indices based on OTUs of cpcBA-IGS are listed in
Table 2. Overall, 2585 OTUs, including 142–462 OTUs per sample,
were clustered at a distance of 0.05 after normalization. The
rarefaction curves were in proximity to plateau (Figure S3, in the
supplementary data), and a good coverage (>0.95) of OTU richness
was also observed for each sample (Table 2), suggesting that the
number of sequences reached a hypothetical saturation value. The
average OTU number was 305 in Dongqian Lake, 272 in Dongzhen
Reservoir, and 223 in Taihu Lake in decreasing order. The Chao
1 index values were 226–845 per sample and the average values
were 542 for Dongqian Lake, 480 for Dongzhen Reservoir, and
434 for Taihu Lake.
The Shannon and Simpson indices were transferred into their
true diversity parameters, eH
0
and D1, respectively, representing
the effective number of equally commonOTUswith the same value
of diversity index as the original sample (Jost, 2006). The highest
cyanobacterial diversity was detected in the summer sample of
Dongqian Lake, DQS0907 (OTU = 462, eH
0
= 110, D1 = 48). More-
over, the lowest diversity was observed in the two samples of
Taihu Lake, namely, THW1105 (OTU = 142, eH
0
= 10, D1 = 5) and
THN21108 (OTU = 143, eH
0
= 5,D1 = 2). In Taihu Lake, the diversity
indices between sites or months were not signiﬁcantly different (P
value >0.05, Paired sample t-test). Regarding Dongqian Lake, the
diversity indices in 2011 (average OTU = 207, eH
0
= 27, D1 = 12)
were lower than those in 2009 (average OTU = 404, eH
0
= 87,
D1 = 35). In Dongzhen Reservoir, the diversity indices in deep
[(Fig._2)TD$FIG]
Fig. 2. Clustered heatmap of samples based on shared abundant OTUs. The letter x in the formula represents OTU size.
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0
= 78, D1 = 35) were higher
than those in surface water (average OTU = 204, eH
0
= 36, D1 = 17).
The values of Simpson’s evenness index were 0.01–0.12 per
sample.
3.4. Comparison of OTU composition
The total abundance of each OTU from all the samples was
calculated after normalization and OTUs with a size less than 1% of
4488 were excluded in the following analysis. Thus, only
238 abundant OTUs containing 92% of the total sequences
remained. These OTUs were then deﬁned according to phyloge-
netic analysis of representative OTU sequences with cpcBA-IGS
sequences of cyanobacterial species as reference (Figure S4, in the
supplementary data). Abundant OTUs were classiﬁed into six
groups of cyanobacteria, including Synechococcus (98 OTUs),
Microcystis (94 OTUs), mixed Nostocales species (21 OTUs),
Cylindrospermopsis/Raphidiopsis (6 OTUs), Planktothrix (1 OTUs),
and unclassiﬁed cyanobacteria (18 OTUs). The conservation of OTUsequenceswas also veriﬁed by homologous search using the BLAST
option.
As displayed in the clustered heatmap (Fig. 2), OTU composition
varied signiﬁcantly among the samples. The samples from the
Northern region of Taihu Lake (N1 and N2 sites) were more closely
related and divergent from the samples from the Southern region
of this lake (S1 and S2 sites). AMOVA analysis also revealed that the
OTU composition in N1, N2, and S1 sites were signiﬁcantly
different from those in S2 site (P value <0.05, Table S3 in the
supplementary data). In addition, OTU composition was not
signiﬁcantly different among the four months (P value >0.05) in
Taihu Lake. DQN0907, DQS0907, and DZWD1207 samples were
clustered together with high similarities among them (96–98%,
Table S4, in the supplementary data). DZED1207 sample was also
related to these three samples with middle-level similarities (48–
63%) and highly diverse OTUs from various cyanobacterial genera
were detected in these four samples. DQN1107, DQS1107,
DZWS1207, and DZES1207 samples were also clustered together
with high similarities among them (82–99%), and the majority of
[(Fig._3)TD$FIG]
Fig. 3. Spatiotemporal alterations of cyanobacterial composition in eutrophic lakes. Only the 238 abundant OTUs (OTU size 45) were summarized. (A) Taihu Lake; (B)
Dongqian Lake; (C) Dongzhen Reservoir.
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similarities were observed for samples between 2009 and 2011 in
Dongqian Lake (5.9–30%) and between surface and deep water
from Dongzhen Reservoir (0.71–18%).
3.5. Spatiotemporal changes in cyanobacterial composition
The cyanobacterial composition of each sample was calculated
based on the sequence number of abundant OTUs (Fig. 3). In Taihu
Lake, Microcystis was the most abundant cyanobacterial genus
with high percentages (59–100%) in 13 of 20 samples (Fig. 3A). The
genus Synechococcus maintained a low proportion in the samples
except THW1108 (41%) and THS21108 (93%). Similarly, a high
percentagewas observed for themixedNostocales species group in
three samples, namely, THN11108 (54%), THN21111 (53%), andTHS11111 (54%). Some OTUs cannot be classiﬁed into any known
cyanobacterial genus by phylogenetic or BLAST methods and they
were denominated as unclassiﬁed cyanobacteriawith a percentage
of 0.82–88% in several samples of Taihu Lake. In addition,
Planktothrix constituted only a minor percent of total cyanobac-
teria (0.25–0.75%) in six samples of Taihu Lake.
As displayed in Fig. 3B, similar cyanobacterial composition was
observed for the two 2009 samples (DQN0907 and DQS0907) from
Dongqian Lake. The cyanobacterial composition of the two deep-
water samples (DZWD1207 and DZED1207) from Dongzhen
Reservoir was also similar (Fig. 3C). All these four samples were
composed of Synechococcus (5.3–29%),Microcystis (20–47%), mixed
Nostocales species (5.3–21%), Cylindrospermopsis/Raphidiopsis
(4.3–24%) and unclassiﬁed cyanobacteria (3.0–40%). A high
percentage of Synechococcus (>99%) was observed in the two
[(Fig._4)TD$FIG]
Fig. 4. Nutrient concentration (A) and Secchi depth (B) in Dongqian Lake. Error bars represent standard deviations.
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the two surface samples fromDongzhen Reservoir (DZWS1207 and
DZES1207).
3.6. Water quality parameters in Dongqian Lake
TN ﬂuctuated in a narrow concentration range of 0.70–
1.1 mg L1 from April 2009 to January 2011, while it reached
the highest concentration in April 2011 (Fig. 4A). Afterward, TN
concentration decreased to 0.19–0.39 mg L1 in October 2011. TP
concentration decreased from 0.11 mg L1 to 0.04 mg L1 from
2009 to 2011 (Fig. 4A). The TN: TP ratios ﬂuctuated during the
sampling period, but the ratios in spring and summer seasons
increased in 2011 (Fig. 4A). Fluctuations of the SD values were also
observed but the SD values in summer season increased in 2011
(Fig. 4B). Moreover, SD values in July obviously increased from
2009 to 2011. The TN, TP, and SD values in four sequencing samples
were as follows: DQN0907, TN = 0.87  0.08 mg L1, TP = 0.13 
0.02 mg L1, TN: TP = 6.7, SD = 50  5.0 cm; DQS0907, TN = 1.1 
0.19 mg L1, TP = 0.14  0.02 mg L1, TN: TP = 7.6, SD = 43  12 cm;
DQN1107, TN = 0.58  0.09 mg L1, TP = 0.03  0.01 mg L1, TN:
TP = 17, SD = 89  16 cm; DQS1107, TN = 0.83  0.11 mg L1,
TP = 0.02  0.01 mg L1, TN: TP = 45, SD = 138  18 cm. Approxi-
mately, 23% and 33% of TN were reduced at N and S sites in July
2011 comparedwith July 2009,while 77% and 86% of TPwere reduced
from July 2009 to July 2011. The TN: TP ratios increased in July
2011 as against July 2009 by 2.5- and 5.9-fold at N and S sites,
respectively. The SD values increased by 1.8- and 3.2-fold at N and S
sites, respectively, in July 2011 compared with July 2009.
4. Discussion
In this study, a targeted deep sequencing method was
developed to reveal the diversity and dynamics of bloom-forming
cyanobacteria based on cpcBA-IGS. With this method, the
spatiotemporal heterogeneity in the composition of cyanobacterial
communities was investigated in three eutrophic lakes in China.
According to phylogenetic analysis based on cpcBA-IGS,
Cylindrospermopsis and Raphidiopsis are clustered together. Actu-
ally, these two genera are closely related species with highly
similar genome sequence (Stucken et al., 2010) and are constantly
intermixed on the phylogenetic trees (Li et al., 2016). The genus
Raphidiopsis could be distinguished from Cylindrospermopsiswith a
longer fragment of ITS (Li et al., 2016), which may be useful for thefurther exploration of the Cylindrospermopsis/Raphidiopsis group.
Similarly, the intermixed cluster of mixed Nostocales species was
actually divided into ﬁve different clades, including Dolichosper-
mum, Aphanizomenon, Chrysosporum, Sphaerospermopsis, and
Cuspidothrix in previous phylogenetic analyses, based on cpcBA-
IGS or 16S rRNA gene (Cires and Ballot, 2016; Wang et al., 2013).
The difference may be caused by the relatively shorter sequence
used in the present study aftermultiple alignment and trimming of
cpcBA-IGS sequences from a wider range of cyanobacterial species.
Therefore, cpcBA-IGS is a ﬂexible molecular marker to investigate
cyanobacterial diversity at different taxonomic levels. Osillator-
iales specieswere clustered into four divergent clades, Planktothrix,
mixed Osillatoriales species, Spirulina/Arthrospira, and Pseudana-
baena, indicating polyphyletic origin of the members of Oscilla-
toriales as suggested by Ishida et al. (2001).
The large number of OTUs in the samples revealed a high
diversity of cyanobacterial populations in eutrophic lakes. For all
the samples, Chao 1 index values were larger than OTU richness.
Considering that Chao 1 index is sensitive to the existence of rare
OTUs, the larger values of this index thus coincided with the low
abundance of a major proportion of OTUs. The low Simpson’s
evenness index values implied the heterogeneity of cyanobacterial
community in each sample. As displayed in Figs. 2 and 3, distinct
distribution of abundant OTUs and cyanobacterial populations
among samples also revealed the spatiotemporal heterogeneity of
cyanobacterial communities in eutrophic lakes.
While relatively stable diversity indices were observed in Taihu
Lake, the cyanobacterial diversity in Dongqian Lake was obviously
reduced from 2009 to 2011. After sediment dredging in Dongqian
Lake from 2009, the nitrogen and phosphorus balance in the
sediment–watermicrocosms have been disturbed (Jing et al., 2013,
2015). In addition, cyanobacterial community composition was
correlated with nitrate and phosphorus conditions in lake water
(Miller et al., 2013). Therefore, changes in nutrient conditions may
be the cause of dramatic reduction of cyanobacterial diversity in
Dongqian Lake.
In Dongzhen Reservoir, the cyanobacterial diversity was
apparently high in deep water compared with surface water. In
a previous investigation, the water layer at 10 m was close to
metalimnion in Dongzhen Reservoir, and the microbial diversity
was higher inmetalimnion and hypolimnionwater comparedwith
epilimnion water in this reservoir (Yu et al., 2014). Consequently,
these results emphasized the important effect of thermal
stratiﬁcation on cyanobacterial diversity (Miller et al., 2013).
Y. Jiang et al. / Harmful Algae 64 (2017) 42–50 49The phylogenetic assignment of abundant OTUs demonstrated
that bloom-forming cyanobacteria, such as Synechococcus and
Microcystis, are the main cyanobacterial populations in eutrophic
lakes. The high abundance of Microcystis in Taihu Lake was
consistent with the perennial Microcystis blooms observed in this
lake (Chen et al., 2003). In a previous study, a large biomass of
Dolichospermum was only detected during winter and spring in
Taihu Lake (Wang et al., 2013). Therefore, the dominance of mixed
Nostocales species in the summer sample (THN11108) of this lake
may be caused by other bloom-forming Nostocales species, such as
Aphanizomenon.
A much similar pattern of cyanobacterial composition was
observed for the two 2009 samples from Dongqian Lake and the
two deep-water samples from Dongzhen Reservoir (Fig. 3B and C),
consistent with the topological structure of the clustered dendro-
gram in Fig. 2. These four samples were composed of several
bloom-forming cyanobacterial populations. On the contrary,
Synechococcus was completely dominant in the two 2011 samples
from Dongqian Lake and the two surface samples from Dongzhen
Reservoir. Considering the variations of OTU composition in these
two lakes, these results together indicated that signiﬁcant changes
have occurred in the cyanobacterial community structure from
2009 to 2011 in Dongqian Lake, and dramatic reorganization of
cyanobacterial community existed along the depth of water
columns in Dongzhen Reservoir.
The dominance of Synechococcus has been revealed in both
ocean waters and freshwater bodies (Li, 1998; Takasu et al., 2015).
Regarding the success of this species, the dramatic increase of
Synechococcus has been observed under highmolar TN: TP ratios in
lake water (Stockner and Shortreed, 1988). The sediment dredging
process could reduce nitrogen removal from lake systems over
years (Jing et al., 2013) and suppress the release of soluble reactive
phosphorus from the sediment (Liu et al., 2016a). Combining these
aspects, the dominance of Synechococcus in Dongqian Lake in
2011 may be caused by the increased TN: TP ratio after sediment
dredging as observed in this study. In addition, Synechococcus
includes divergent populations that were adaptable to different
light conditions (Kulkarni and Golden, 1994;Wilhelm et al., 2006).
Thewater transparency inDongqian Lake in 2011wasmuchhigher
compared with that in 2009. Therefore, the dominant Synecho-
coccus populations may be more adaptable to high light conditions
as described by Kulkarni and Golden (1994). Similarly, a previous
study observed high TN: TP ratios (>25) in the epilimnion of
Dongzhen Reservoir in July 2012 (Yu et al., 2014). Thus, the
dominance of Synechococcus in the surface water of this reservoir
could also be ascribed to the adaptation of this genus to high TN: TP
ratios and high light intensities.
The transition of the dominant cyanobacterial populations in
these eutrophic lakes revealed the existence of diverse cyano-
bacterial species adaptable to different environmental conditions,
such as nutrients, light, and temperature. Therefore, the present
strategy of mitigating cyanobacterial blooms through elimination
of eutrophication should be implemented by reducing both
phosphorus and nitrogen, as previously suggested (Gobler et al.,
2016), particularly for dredging project that may weaken nitrogen
removal from freshwater systems (Jing et al., 2013). In addition, the
distribution of bloom-forming cyanobacteria in the deep water of
Dongzhen Reservoir emphasized that different strategies for water
quality management should be adopted in shallow and deep lakes.
In conclusion, the cpcBA-IGS locus was an efﬁcient molecular
marker for high-throughput characterization of cyanobacterial
composition in freshwater bodies. Regarding the coverage and
speciﬁcity of molecular identiﬁcation, the deep sequencing
method based on cpcBA-IGS was more efﬁcient than previous
molecular methods, such as DGGE, clone libraries and 16S rRNA
deep sequencing. However, a common limitation exists for allsequencing methods that only relative concentration of each
cyanobacterial species could be obtained from the results. A
combination of deep sequencing and quantitative real-time PCR
experiments would be suitable to comprehensively elucidate the
cyanobacterial community composition.
A high heterogeneity existed in the cyanobacterial community
of eutrophic lakes and they were dominated successively by
different bloom-forming species. The genus Microcystis was the
most abundant bloom-forming cyanobacteria in eutrophic lakes,
while Synechococcus, Nostocales species, and some unclassiﬁed
cyanobacteria could also be dominant in the surface water under
appropriate environmental conditions. It should be noted that the
factors driving the succession of bloom-forming cyanobacteria
cannot be determined based on these results. This problem could
be solved by considering the physiological characteristics of
dominant cyanobacterial species and the changes of environmen-
tal conditions in eutrophic lakes in future studies.
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